Abstract. The sequential algorithm for target detection in impulse environment by K-stage processing in polar Hough (PH) space is investigated. This algorithm permits the search radar to minimize the time of target detection, because the sequential detector used minimizes the number of the necessary radar antenna scans, while the conventional detector uses a fix scan number. The aim of our study is to minimize the detection time by minimizing the number of radar scans, when the detector's parameters and characteristics are fixed. The average estimates of the minimal number of scans are obtained using the Monte Carlo simulation approach when the detector's parameters are fixed. The proposed algorithm is simulated in MATLAB environment. The efficiency factor of the investigated detector for radar signal detection and track determination in conditions of binomial distributed impulse interference is obtained by using Monte-Carlo approach. The prepositional detector, compared to the conventional detector, accelerates the detection procedure several times.
Introduction
The standard Hough transform and the related Radon transform have received much attention in the recent years. Using them makes possible the transformation of two-dimensional images with lines into a domain of possible line parameters, where each image line corresponds to a peak, positioned at the respective line parameters. For these reasons, many line detection applications appeared within the image processing, computer vision, and seismic research areas. The use of the standard Hough transform (SHT) for target detection and track determination in white Gaussian noise is introduced by Carlson in [1] . An approach for constant false alarm rate (CFAR) detection by means of SHT for track and target detection in conditions of non-homogeneous background is considered by Behar in [2, 3, 4] . The Hough detection scheme includes a CFAR signal detector in the area of observation, HT of the target distance measurements from the observation area into the parameter space, binary integration of data in the parameter space and linear trajectory detection. These CFAR Hough detectors have been studied in cases when the target flies in one azimuth and the speed is constant. As continuation of this research work, the use of a polar Hough (PH) transform is proposed in [5] , which is also suitable for search radar. This transform is analogous to the standard Hough transform, where the input parameters are target range and azimuth obtained from the search radar. The technique used combines data from previous search scans into one large multi-dimensional polar data map. This transform is very comfortable for use in radar detection and track determination, when the target changes its speed and flies at different azimuths. The principle possibility of minimizing the time of radar signal (target) detection by using sequential analysis in conditions of constant false alarm probability and detection probability, is discussed in [6, 7] . The advantage of the sequential detector, if compared to the conventional detector, is in reducing of the radar energy at the radar target detection. An important step in the development of an efficient approach for optimization and analysis of truncated sequential procedures is made by Sosulin in [6] , within the study of K-stage procedures of statistical hypotheses test. Possible applications of such procedures, as well as optimization methods for various binary detection problems and multi-alternative detection problems are investigated in [6, 8, 9] . These papers illustrate the universality and efficiency of the developed approach to solutions of various truncated sequential detection problems and reveal the possibility to design K-stage signal detectors that significantly surpass in efficiency wide-spread detectors with fixed sample size. The effectiveness of the multi-channel processing is defined through Monte Carlo computer simulation. The performances of some sequential CFAR detectors are proposed and evaluated in [7, 10] . The observations are passed through a dead-zone limited. Numerical results show a significant reduction of the average number of observations needed to achieve the same false alarm and detection probability as compared to a fixed-sample-size CFAR detector using the same kind of test statistic. in this paper In this paper we propose a sequential algorithm for target detection in polar Hough space. The radar efficiency factor of a sequential detector is defined as a ratio between the fixed sample number in the conventional Hough procedure and the average sample number in the Kstage polar Hough procedure. The radar efficiency factor of a K-stage detector in conditions of binomial distributed impulse interference is achieved by using Monte-Carlo simulation. We assume that the noise in the test cell is Rayleigh envelope distributed and the target returns are fluctuating according to Swelling II model, as in [3, 4, 11] . The efficiency of the researched detector increases with the growth of the signal-to-noise ratio but it decreases with the decrease of the false alarm probability and the increase of the detection threshold M . The proposed algorithm may also be applied in other popular CFAR processors using standard or polar Hough transform. The acceleration of the proposed detector is several times higher than that of a conventional detector with constant detection threshold. The research is performed in MATLAB environment.
Signal Model
We assume that the target in the test cell is fluctuating according to Swerling II model. We further assume that the total background environment includes the binomial distribution of impulse interference-plus-noise situation, which may appear at the output of the receiver with the probability 2e(1 − e), interferenceplus-noise situation with the probability e 2 and the noise only situation with the probability (1 − e) 2 , where
, F is the average repetition frequency of impulse interference and t c is the length of impulse transmission. The probability density function (pdf) of this signal is given by [12] and used in [9, 11] :
where λ is the average power of the receiver noise, I is the average interferenceto-noise ratio (INR) of impulse interference, S is the average signal-to-noise ratio (SNR). This equation is used for simulation of the input signal model and the interference of the sell average (CA) CFAR processor.
Detection Acceleration in Hough Parameter Space by Sequential K -Stage Detector
The efficiency of the sequential K-stage detector, which works in Hough parameter space, is investigated. This algorithm includes a CA CFAR processor, which works in the radar area of observation, polar Hough transform of the target distance measurements into the parameter space, binary integration of data and sequential detection of linear trajectory in the parameter space. The algorithm for search radar detection and track with the Hough transform, proposed by Carlson, Evans and Wilson in [1] , is improved in our paper. According to the Carlson's approach, only the targets moving radially in the direction of radar (in the same azimuth) are considered. In this case, the target trajectory consists of points with coordinates (range, time) specified in the Cartesian coordinate system "range-time" (range-time data space). The distance in range between points is a function of the radar scans time. Unlike the Carlson approach, in our study the linear target trajectory is specified in the range-azimuth space and consists of points with coordinates (range, azimuth) obtained for each scan time. Therefore, the position of each point of the target trajectory in the coordinate system "range-azimuth" is an indirect time-varying function. In order to keep the false alarm constant in conditions of impulse interference, we replace the fixed detection threshold in range-time space with a CA CFAR processor. For determination of the non-radial trajectory, we replace the standard transform with polar Hough transform [5] . For detection acceleration we replace the fixed detection threshold in Hough parameter space with a sequential K-stage detector [6, 7, 8, 9 ].
1. Cell Average CFAR processor The CA CFAR processor is a detector, which in the process of target detection maintains the false alarm rate constant. Target detection is declared if the signal value x 0 exceeds a preliminary determined adaptive threshold H D . The threshold
Polar Hough transform
The output data after every radar scan form the polar data space (rangeazimuth). There are two approaches for Hough transformation of data -standard and polar Hough transform (SHT and PHT). The SHT is more suitable for image transformation, while the PHT is very convenient for use in radar because the output parameters of the radar (range and azimuth) are input parameters of the transform. One trajectory is formed in a polar data map (range-azimuth) after N s radar scans. The point's coordinates in (r − azimuth) space form the polar parameter space. The PHT maps points (targets) from the observation space (polar data map) into curves in polar Hough parameter space, termed i.e. (rho − theta) space, by:
where r and azimuth are the target range and azimuth, theta is the angle and rho is the smallest distance to the origin of polar coordinate system. The mapping can be viewed as stepping through theta from 0 to 180 and calculating the corresponding rho. 3. Sequential K-stage detector In our previous work we investigated different CFAR Hough processors for detection in pulse environment, where we have used fixed value of binary integration procedure in Hough space [2, 3, 4] . For minimization of the detection time we proposed a sequential detector to be used. The polar data space (range − azimuth) after every radar scan is transformed by PHT according to (2) in the parameter space. In each cell of the Hough parameter space two operations are performed -binary integration and comparison with the sequential detection threshold. The sequential detector compares the test statistic (binary integration of intersection of sinusoids in polar Hough space) with the threshold M. The test for target detection is as follows. At the k−th observation one of the following three variants is chosen:
where S t is the test statistic, Φ j is 1 or 0 respectively if there is or not a sinusoid in a given cell from polar Hough space in the j scan;
if S t > M and k < N s then say H
where H 1 is hypothesis of target presence and H 0 is hypothesis of target absence.
Estimation the efficiency of the sequential K-stage detector
The efficiency of the K-stage CA CFAR PH detector is estimated toward the conventional CFAR PH detector with a full number of stages. The efficiency factor of the sequential procedure has the following form:
where N s is the full number of radar scans in the BI procedure,k is the average sample number in the K-stage procedure.
Experiment Description
The input of the CA CFAR processor is simulated by using equation (1) . The test cell includes signal, noise and impulse interference while the cells of the reference window include noise and impulse interference only (S = 0). The number of cells in the reference window of the CFAR processor is chosen to be N = 16. The average power of the receiver noise is λ = 1 , the probability for the appearance of impulse interference is 0.5 and the average interference-to-noise ratio (INR) is I = 30dB (for Fig.4 and Fig.5 ). For given parameters of both signal and interference, after setting the scale factor of the CFAR detector using the Monte Carlo simulation approach, we study the efficiency of the Hough detector in relation to the thresholding parameters of the K-stage detector. When the input parameters of both signal and interference are updated, the scale factor of the CFAR detector is additionally adjusted in order to maintain the constant false alarm rate at the output of the Hough detector. The output of the Simulation of the CFAR processor input signal by using equation (1) CA CFAR detection algorithm
Fig. 1. Block diagram of the experiment
CA CFAR processor is 1 or 0 if target signal is detect or not. This information fills the range-azimuth space and it is the input for the polar Hough transform. The sinusoids obtained from the transform are integrated in Hough parameter space after each antenna scan of the radar. In each cell of the Hough parameter space two operations are performed -a binary integration and comparison with the sequential detection threshold. The sequential detector compares the binary integration of the intersection of sinusoids in polar Hough space with the detection threshold of the K-stage detector. When this threshold is exceeded then the detection procedure is stopped. The efficiency of the researched detector is estimated toward the conventional CFAR PH detector with a full number of stages. We use Monte Carlo approach to obtain statistical stability estimation for the efficiency of the algorithm. The number of runs is 10000.
Numerical Results
We investigate the influence of the effectiveness of the K-stage procedure in conditions of noise and impulse interference. The experimental results are obtained for the following parameters: average power of the receiver noise λ = 1; probability for the appearance of impulse interference 0.5; average interference-to-noise ratio (INR) I = 30dB; number of cells in the CFAR processor reference window N = 16, false alarm probability of the researched Hough detector P fa = 10 −5 , the number of radar scans N s = 20; detection threshold in Hough parameter space M = 5, 7, 10, 15, 18.
The effectiveness of the K-stage detector as a function of the SNR and for different binary rules M/N s is shown on Fig.2 . The effectiveness increases with the growth of the signal-to-noise ratio but decreases with the increasing of the detection threshold M . When the SNR is constant (S = 5, 10dB) and the false alarm probability decreases, then the effectiveness of this algorithm decreases as well. In order to keep the detection probability P D = 0.5(P D = 0.9) constant, the signal-to-noise ratio must be increased when the false alarm probability decreases. In this case, the effectiveness is equal for the different values of P fa . The experimental results presented on Fig.2 and Fig.3 that the probability for the appearance of impulse interference influences the effectiveness of the proposed algorithm. The effectiveness of the K-stage detector increases with the decrease of the detection threshold M and with the growth of the signal-to-noise ratio (Fig.4) . The results given on Fig.4 are obtained for the probability of the appearance of impulse interference 0.5 and P fa = 10 −5 . When the probability for the appearance of impulse interference increases, the false alarm is constant and the SNR is 50dB, then the effectiveness is constant (Fig.5 ).
Conclusions
The detection acceleration of a sequential polar Hough detector in conditions of impulse interference is investigated. The developed algorithm includes a CA CFAR detector, polar Hough transform, binary integration and sequential detection in parameter space. The efficiency of the researched detector increases when the signal-to-noise ratio grows; the detection threshold M decreases, and the false alarm probability increases. The results are achieved by using Monte-Carlo simulation. The suggested algorithm may also be applied in other popular CFAR processors using standard or polar Hough transform. The acceleration achieved by using the proposed detector is several times higher than that achieved by using a conventional detector with constant detection threshold.
